I. Introduction
Evaluated nuclear data are required for computations and experimental support for a variety of applications ranging from nuclear reactor physics, nuclear criticality safety, medical physics, radiation protection, to national security and dosimetry. These data include information on nuclear reactions, nuclear structure and decay, etc, which are important for the development of nuclear reaction models and are used in neutron transport computer codes and for reactor core calculations. Almost all reactor parameters computed with modern transport codes are affected by uncertainties in the underlying nuclear data used; however these uncertainties are not being handled in a consistent manner by current nuclear data libraries. Therefore, the output of these codes contains unknown uncertainties due to nuclear data. Quantifying and understanding these uncertainties is important for designing Generation IV (GEN-IV) reactors and for optimizing current reactor technology. (1) This work focuses on the propagation of nuclear data on reactor safety parameters using the SERPENT Monte Carlo code.
Until now, nuclear data uncertainties within the reactor physics community were mostly propagated using the perturbation method which combines the sensitivity profile and covariance data to obtain the final uncertainties on reactor parameters. For instance, the sensitivity profile can be obtained by using the so-called perturbation card in MCNP. A new method for nuclear data uncertainty propagation -the Total Monte Carlo (TMC) method, was developed around the TALYS code which incorporates microscopic nuclear physics and macroscopic nuclear reactor design into one simulation scheme. (2) The TMC approach also has the capability of quantifying the required quality of theoretical nuclear reaction models directly from reactor design requirements. This approach is considered a breakthrough in methodology as it makes use of available computer power for brute force analysis, without the need of cumbersome methods of uncertainty propagation. The methodology was intensively tested on a large number of criticality-safety, fusion and shielding benchmarks. (3) It was observed from the study that the usual assumption of Gaussian shape used by the perturbation approach for cross section uncertainty distributions was not always true and therefore should be taken into account in the development of future nuclear energy systems.
The Lead Fast Reactor (LFR) was selected by the Generation IV International Forum (GIF) as one of the six most promising advanced reactor concepts and was ranked top in sustainability because it uses a closed fuel cycle for the conversion of fertile isotopes, and in proliferation resistance and physical protection due to its long-life core. (4) Its safety features are enhanced by the choice of a relatively inert coolant which has the capability of retaining hazardous radionuclides such as iodine and cesium even in the event of a severe accident. As part of GENIV development in Sweden, the GENIUS project which is a collaboration between KTH, Chalmers and Uppsala University was initiated for the enhancement and development of the technology relevant to the GENIV development. (5) The development of a Lead-cooled Fast Reactor called ELECTRA -European Lead-Cooled Training Reactor which will permit full recycling of plutonium and americium in the core was proposed within this project. ELECTRA is cooled by natural lead and therefore nuclear data uncertainties of lead isotopes are expected to impact significantly on the core and fuel cycle of the reactor. In this work, the Total Monte Carlo (TMC) methodology was applied to ELECTRA to study the impact of Pb-206, 207 and 208 nuclear data uncertainties on macroscopic parameters sensitive to nuclear data uncertainties. These parameters include the effective multiplication factor, coolant temperature coefficient, coolant void worth and the effective delayed neutron fraction.
Total Monte Carlo
The Total Monte Carlo (TMC) methodology used in this paper was first proposed by Koning and Rochman in 2008 for nuclear data uncertainty propagation and was subsequently tested on a large set of fusion and criticality safety benchmarks. (3) In this method, 20 to 30 theoretical parameters are varied all together within pre-determined ranges derived from comparison with experimental cross section data to create TALYS inputs. With the addition of a large number of random resonance parameters, nuclear reactions from thermal energy up to 20 MeV are covered. (6) In this way, a large set of random nuclear data are produced and then processed into ENDF format using the TEFAL code. (7) For use in Monte Carlo codes such as SER-PENT (8) or MCNP, the ACER module in NJOY (9) is used to convert the random ENDF nuclear data files into ACE files. Depending on the variation of the nuclear data, different distributions (average and standard deviation) can be obtained for quantities such as k e f f , fuel inventory, temperature feedback coefficients, kinetic parameters etc. (6) By varying nuclear data within ranges predetermined by comparison to uncertainties in experimental measurements using the TMC methodology, the total variance of a physical observable (σ 2 obs ) can be expressed as:
Where σ 2 ND is the variance of the physical observable or parameter under study due to nuclear data uncertainties and, σ 2 stat is the variance due to statistics from the Monte Carlo code. With this approach called original TMC, the time for a single calculation is increased by a factor of n where n (the number of samples or random files) ≥ 500 making it not suitable for some applications. As a solution, a faster method called the Fast TMC was developed. By changing the seed of a Monte Carlo code and changing nuclear data, we obtain a spread in the data that is due to both statistics and nuclear data. By using different seeds for a large set of nuclear data, we obtained a more precise estimate of the spread due to statistics and therefore the statistical requirement on each run could be lowered, thereby reducing the computational time involved for each calculation. A detailed presentation of fast TMC methodology is found in Ref. (10) (11) (12) In Fig. 1 , we present a summary of the Total Monte Carlo methodology in a flow chart. From the diagram, model parameters in a Talys based code system (7) are adjusted after comparing physical observables such as cross sections, angular distributions, etc, with differential experimental data and a large set of random files are accepted. These random files can either be processed and used for simulations in reactor core calculations to obtain the reactor parameters and their uncertainties due to nuclear data or they can be benchmarked against a large set of integral experimental data and a best file selected for the TENDL library. (13) 
Reactor Description
The ELECTRA -European Lead-Cooled Training Reactor is a conceptual 0.5 MW lead cooled reactor fueled with (Pu,Zr)N with an estimated average neutron flux at beginning of life of 6.3 × 10 13 n/cm 2 s and a radial peaking factor of 1.45. (5) The fuel composition is made up of 60% mol of ZrN and 40 mol % of PuN. To reduce helium gas production in the fuel due to 14 N(n, α)
11 B reactions, the nitrogen used in the fuel is enriched to 90% in 15 N. The core is hexagonally shaped and consists of 397 fuel rods and it is 100% cooled by natural convection. The control assemblies and the absorbent part of control drums are made of B 4 C enriched to 90% in 10 B, having a pellet density of 2.2 g/cm 3 . (14) Fig. 2 shows the radial configurations of the ELECTRA core respectively. It is envisaged that ELECTRA will provide practical experience and data for research related to the development of GEN-IV reactors. A detailed description of the reactor is presented Ref. (5, 14) Figure 2: Radial view of the ELECTRA core showing the fuel assembly, lead coolant, control rods and the rotating control drums. (14) II. Application
The TMC approach was utilized earlier in assessing the impact of Pu-239 cross section uncertainties on the full core 3-D SERPENT (8) model of the ELECTRA reactor at steady state (15) and in burnup calculations. (16) In this work however, we apply the TMC for the propagation of Pb-206, 207 and 208 nuclear data uncertainties on the following macroscopic parameters sensitive to nuclear data uncertainties: the effective multiplication factor, the coolant temperature coefficient, the coolant void worth and the effective delayed neutron fraction. The input files used in this study are the SERPENT geometry input file developed at the Division of Reactor Physics, KTH, Stockholm, Sweden for the ELECTRA reactor and a large set of random ENDF files obtained from the TENDL project. (13) Each file consists of a unique set of nuclear data: resonance parameters, cross sections, angular distributions, double differential data, isomeric data and gamma production data.
All random files were converted into ACE format with the NJOY99.336 processing code. (9) Simulations were performed for the core at zero burnup with the absorber drums set at startup position. Criticality calculations were carried out for a total of 500 k e f f cycles with 50,000 neutrons per cycle corresponding to 25 million histories. This was done for a large set of Pb-206, 207 and 208 random ENDF files to obtain distributions in k e f f values and other safety parameters while maintaining all other isotopes as given in the JEFF-3.1 nuclear data library. The standard deviation of each distribution in say the k e f f has two components: a) the statistical uncertainties in the Monte Carlo transport code used and b) the uncertainty due to nuclear data coming from the isotope varied. In this way, the nuclear data uncertainty can be extracted for any parameter of interest.
III. Methodology 1. Neutronic parameters
The k e f f is an important parameter in criticality safety analysis. If uncertainties in this parameter are not taken into consideration in nuclear engineering design, the safety of a reactor system could be compromised. One type of uncertainty that has not been handled in a systematic manner in neutron transport codes is the uncertainty due to nuclear data. By varying Pb-206,207 and 208 nuclear data whiles computing the k e f f each time, distributions were obtained and the uncertainty due to nuclear data extracted using Eq. 1.
Coolant (Pb) temperature coefficient (global)
The global coolant temperature coefficient (CTC) was computed by assuming an increase in coolant temperature everywhere in the primary vessel. The CTC was determined by performing criticality calculations with the SERPENT Monte Carlo code (version 1.1.17) (8) at two different coolant densities corresponding to the temperatures T 1 = 600K and T 2 = 1800K and then only varying the following Lead isotopes: Pb-206, Pb-207 and Pb-208 nuclear data. It must be noted here that, since the density effect is dominant in the CTC computation, all lead cross sections used in the calculation of the CTC were processed with the NJOY99.336 code at 600K. The temperature dependence of the coolant density (ρ Pb ) was calculated using equation 2:
The temperature of the fuel was maintained at 1200K and the nuclear data library for all other isotopes except the isotope being varied was maintained as JEFF3.1. Since the k e f f is ≈ 1 for both configurations, the CTC for a temperature change from T 1 to T 2 can be expressed as:
The nuclear data uncertainty in the CTC is propagated here similar to equation 1. If the statistical uncertainty on the k e f f at T 1 and T 2 are σ stat,1 and σ stat,2 respectively, then the combined statistical uncertainty (σ stat,comb ) for the computation of CTC assuming that σ stat,1 and σ stat,2 are uncorrelated can be expressed as:
From the square of the total uncertainty (σ tot ) of the CTC distribution which is equal to quadratic sum of the nuclear data uncertainty (σ ND ) and the combined statistical uncertainty (σ stat,comb ), the uncertainty due to nuclear data can be extracted:
It should be noted that, since the difference between k e f f (T 1 ) and k e f f (T 2 ) are usually small, the CTC distribution can easily be dominated by statistics and hence longer computer hours are needed in the Monte Carlo simulations to achieve: σ stat ≈ σ ND .
Coolant Void worth
The Coolant void worth (CVW) which is the difference in reactivity between the flooded and voided cores can be given by the expression:
Where
The voided core involves only one SERPENT code calculation, and hence the statistical uncertainty of the voided core (σ void stat ), will not contribute to the total spread obtained (σ tot ). Consequently only the statistical uncertainty of the flooded core( σ f lood stat ), is used in Eq. 1, when σ ND is calculated. However, the σ void stat will introduce a bias in the mean value of the CVW and therefore the 100 % voided core is calculated with high statistical precision. Since σ ND is only dependent on σ f lood stat , the nuclear data uncertainty of the CVW (σ CVW,ND ) is approximately equal to:
Effective delayed neutron fraction
The effective delayed neutron fraction (β e f f ) is important for reactor transient analysis. To investigate the impact of nuclear data uncertainties of Lead on the β e f f , the Serpent Monte Carlo code was simulated with each random ACE file after setting the fuel temperature to 1200K and the coolant temperature to 600K in the ELECTRA input file. The values of the effective delayed neutron fraction together with the relative uncertainties were obtained directly from the main Serpent output file. The total effective delayed neutron fraction can be expressed as (17) 
Where k e f f is the eigenvalue for all neutrons produced and k p is the eigenvalue for prompt neutrons only. Distributions in β e f f were obtained by varying Pb-206, 207 and 208 nuclear data and the nuclear data uncertainty obtained from the distributions.
Uncertainty of the Uncertainty
For more accurate integral results for the improvement of current design and for GENIV reactor development, it is important to study the accuracy of the uncertainty calculated. This can be achieved by quantifying the uncertainty on the nuclear data uncertainty estimated. The uncertainty of the uncertainty due to nuclear data ( σ ND ) can be given by the expression:
Where V ND is the variance due to nuclear data and ∆ is the associated uncertainty. V ND , the uncertainty of the variance of nuclear data is given by:
Where V obs is the variance in the observed parameter, V stat is the variance due to statistics. The uncertainty of the uncertainty calculation for nuclear data uncertainty analysis has been presented in more detail in Ref. (11) In this paper, the method assuming a normal distribution was used.
Partial variations
In the previous section, global uncertainties due to nuclear data were obtained for different reactor safety parameters. However, to quantify the contributions of different reaction channels to the global uncertainties obtained, more specific parts of the ENDF files were varied. These include the elastic scattering (n, el), neutron capture (n, γ), (n, 2n), resonance parameters and the angular distribution. To achieve this, we kept run zero (the first file) of the random files obtained from the TENDL-2012 (13) as our default file (also known here as the 'unperturbed file')and then vary the different channels under consideration one by one to obtained different random files (also known here as 'perturbed files'). In this way, nuclear data uncertainties due to a specific channel were studied and quantified. This was only done for Pb-208 in this study since it has the highest natural abundance in natural lead. All the random files generated were processed into ACE files with the NJOY processing code at 600K and then used in the SERPENT code for reactor core calculations.
Cross sections and k e f f correlations
It is of interest in nuclear reactor physics and criticality analyses to study the correlations and sensitivities between various partial channels and a particular response parameter, k e f f in our case. In this study, we used a sensitivity method based on the Monte Carlo evaluation developed at Nuclear Research and Consultancy Group (NRG) (18) to study the correlations of given reaction channels to the k e f f for the ELECTRA reactor.
Using the set of random files, the correlation between k e f f and a specific energy group within a partial reaction channel were calculated. This was done using the 44 energy group structure and correlation factors obtained for the following partial channels: elastic scattering (n, el), inelastic scattering (n, inl), neutron capture (n, γ), (n, 2n). These correlations factors were plotted against incident neutron energies and observations made. It should be noted here that as a result of the use of theoretical models in TALYS, energy-energy correlations could be quiet strong which could have strong influences on the (k e f f , cross section) correlation. A more detailed presentation of this methodology is presented in Refs. (7, 18) 
Global uncertainties
In Fig. 3 , probability distribution for the k e f f is presented for varying Pb-208 nuclear data. It can be observed that the k e f f distribution for Pb-208 deviates from a Gaussian distribution with a tail in the high k e f f region. This is not surprising as asymmetric k e f f distribution due to Lead isotopes was reported earlier. (2, 3) In these studies (  (2, 3) ), k e f f distribution for 14 fast benchmarks deviated from Gaussian distribution to the extent that a better fit was obtained with the Extreme Value Theory(EVT) curve. The asymmetric behavior was attributed to the shape of the inelastic and capture cross section distributions.
(2) But in our case, the deviation is related to the shape of the elastic scattering cross sections and the angular distribution. In Fig. 4 , we present the distribution in k e f f for varying only elastic scattering cross section. A non Gaussian shape is observed with a tail in the high k e f f region.
In the case of the k e f f , the spread in the calculated values mainly come from the variation in nuclear data. However, since the β e f f is not very sensitive to nuclear data variation, a bulk of the spread in the distribution came from statistics. The effective delayed neutron fraction for ELECTRA (268 ± 1 pcm) (5) is smaller than that of light water reactors (LWR) (∼ 650 pcm) (4) because of the lower fraction of delayed neutrons emitted per fission of Pu-239 compared to U-235 mostly used in LWR fuel.
The CTC and CVW are a balance between the positive contribution from hardening of the neutron spectrum and the reduction in neutron capture in the coolant, and the negative contributions from increase in leakage. The CTC distribution was calculated for a density change from 10.650 g/cm 3 corresponding to 600K to 9.2171 g/cm 3 corresponding to 1800K. In Fig. 6 , we present the CTC distribution for varying Pb-208 nuclear data. A slight deviation from the Gaussian shape was observed for the distribution which is attributed to the shape of the elastic scattering cross section. As neutrons undergo elastic scattering against nuclei in the coolant, a reduction in density is expected to alter the neutron spectrum and hence the effective multiplication factor.
The CVW distribution is presented in Fig. 5 . A deviation from the Gaussian distribution was observed for the coolant void worth with a calculated uncertainty of 891.78 pcm. Since the CVW is a difference in the eigenvalues between two reactor states, the large uncertainty in the k e f f observed due to Pb-208 was propagated all the way through. In Fig. 5 , the probability distribution for the coolant void worth (global) distribution for varying Pb-208 nuclear data is presented.
Even though the lead boiling scenario mostly assumed in coolant void worth can be considered as unreal in Lead Fast Reactors (LFRs) since the boiling point of the lead coolant (1749 o C) is far from the common reactor coolant operating temperatures, (4) potential mechanism such as a rapture in the heat exchange system may cause an even distribution of small bubbles within the coolant which could trigger power oscillations. A detailed study on detecting spectrum perturbations due to coolant density changes for ELECTRA from homogeneous void formation has been presented in Ref. (19) In Table 1 , the global nuclear data uncertainties together with their uncertainties for Pb-206, 207 and 208 are presented for the k e f f , the effective delayed neutron fraction, the coolant temperature coefficient, and the coolant void worth. The relatively large nuclear data uncertainties in the k e f f due to Pb-208 obtained indicates that the ELECTRA core is highly sensitive to Pb-208 nuclear data.
Cross section correlation and partial variation
In Fig. 7, 8 and 9 , we present (k e f f , cross section) correlations for four partial channels as a function of incident neutron energy for Pb-208, 207 and 206 respectively.
The partial channels presented are the (n,γ), (n, el), (n, inl) and (n, 2n) cross sections. From Fig. 7 , a strong correlation is observed for the (n, el) cross section between the 0.5 and about 1.0 MeV. This is expected as Pb-208 contains high peak elastic scattering resonances between the 10 −2 and 5 MeV energy range. The (n, γ), (n, inl) and the(n, 2n) were however observed to be weakly correlated to the ELECTRA reactor. For Pb-207, as observed from Fig. 8 , strong correlations were obtained for the (n, el) and (n, inl) cross sections from about 0.5 to 1.5 MeV. This could be attributed to the Pb-207 elastic scattering resonance peaks which occur between the energy range: 10 −2 and 5 MeV. In Fig. 9 , high correlations were also observed for . It was assumed that the uncertainties were uncorrelated. The ND uncertainty quoted for the CTC is in pcm, the value must be divided by the difference in temperature (1200K) to obtain the value in pcm/K. the (n, el) and the (n, inl) for Pb-206. The (n, γ) and the (n, 2n) cross sections were however observed to have weak correlations to ELECTRA.
The impact and contribution of partial channels to the (k e f f ) were further studied and quantified for some cross sections and presented in Table 2 together with their uncertainties. Partial variations were carried out for only Pb-208. The bulk contribution to the nuclear data uncertainty, as can be seen in Table 2 , comes from uncertainties in the resonance parameters, the elas- Incident Energy (eV) (n,g) (n,el) (n,inl) (n,2n) Figure 7 : k e f f sensitivity to Pb-208 cross sections for ELECTRA. Correlation factors obtained between four particular cross section and the k e f f are plotted against incident energies. Incident Energy (eV) (n,g) (n,el) (n,inl) (n,2n) Figure 8 : k e f f sensitivity to Pb-207 cross sections for ELECTRA.
tic scattering cross section(since this cross section is strongly correlated to ELECTRA) and from the angular distribution, possibly from the elastic angular distribution. Uncertainties due to (n, 2n) and (n, γ) were relatively small. The impact from the (n, γ) on the k e f f was also observed to be small as expected since fast reactors generally have small fraction of capture reactions in the core. Incident Energy (eV) (n,g) (n,el) (n,inl) (n,2n) Figure 9 : k e f f sensitivity to Pb-206 cross sections for ELECTRA. Table 2 : Nuclear data uncertainty in k e f f due to partial variations of Pb-208 nuclear data.
V. Conclusions
Uncertainty propagation was carried to study the impact of nuclear data uncertainties of lead isotopes Pb-208, Pb-207 and Pb-206 on the European Lead Training Reactor (ELECTRA) using the Total Monte Carlo approach. It was observed that the uncertainty in the k e f f for all the isotopes were high with significant contribution coming from Pb-208. The dominant contributions to the uncertainty in the k e f f from Pb-208 came from uncertainties in the resonance parameters; however, elastic scattering cross section and the angular distribution also had significant impact. The nuclear data uncertainty on the β e f f for all the isotopes was found to be small. Nuclear data uncertainty due to Pb-208 on the coolant void worth and for the coolant temperature coefficient was found to be significantly high and dominated by the uncertainty in Pb-208. Strong correlations were observed between the k e f f and (n, el) cross section for all the isotopes studied. Also, the correlation between the (n, inl) and the k e f f was found to be significant however, (n, 2n), (n, γ) had weak correlation with the k e f f .
